The spin-orbit torques (SOTs) generated from topological insulators (TIs) have gained increasing attention in recent years. These TIs, which are typically formed by epitaxially grown chalcogenides, possess extremely high SOT efficiencies and have great potential to be employed in the next-generation spintronics devices. However, epitaxy of these chalcogenides is required to ensure the existence of topologically-protected surface state (TSS), which limits the feasibility of using these materials in industry. In this work, we show that non-epitaxial BixTe1-x/ferromagnet heterostructures prepared by conventional magnetron sputtering possess giant SOT efficiencies even without TSS. Through harmonic voltage measurement and hysteresis loop shift measurement, we find that the damping-like SOT efficiencies originated from the bulk spin-orbit interactions of such non-epitaxial heterostructures can reach values greater than 100% at room temperature. We further demonstrate current-induced SOT switching in these BixTe1-x-based heterostructures with thermally stable ferromagnetic layers, which indicates that such non-epitaxial chalcogenide materials can be potential efficient SOT sources in future SOT magnetic memory devices. * 
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Topological insulators (TIs) have become a new family of materials systems for various spintronics applications [1] [2] [3] [4] [5] [6] . TIs are bulk insulated while electrons are conducted through surface state [1, 7, 8] . The surface state provides strong spin momentum locking and thus can be effectively used to achieve high spin-orbit torque (SOT) efficiency. Current SOT devices mostly utilize heavy metals (HMs) like Ta [9] ,W [10] , Pt [11] …etc as spin current sources and the SOT efficiencies from the spin-Hall effect (SHE) in these conventional materials typically ranges from 0.1 to 0.3, which are still not large enough to satisfy the requirements for memory devices. Therefore, TIs are potential candidates to replace HMs in the next generation magnetic random access memory (MRAM) devices [12] due to their large SOT efficiencies. However, although TIs have been reported to possess greater charge-to-spin conversion efficiencies while compared to HMs, the preparation process for such materials systems in well-texture crystalline phase is still a challenging task. Among all materials, crystalline chalcogenides grown by molecular beam epitaxy (MBE) or ultra-high vacuum sputtering such as BixSe1-x [13] [14] [15] [16] , BixSb1-x [4] , BixTe1-x [2, 17] are discovered to possess topological insulating properties. Although recent TI-spintronics research have been focusing on BixSe1-x and BixSb1-x families as they both possess high SOT efficiencies, BixTe1-x is also a potential candidate for spintronics device applications. Due to that, we choose sputter-deposited BixTe1-x as our SOT source material to study its charge-to-spin conversion property.
In this work, we characterize the damping-like (DL) SOT efficiencies from various BixTe1-xbased magnetic heterostructures. We use Pt/Co/Pt trilayer structure as the effective ferromagnetic layer in adjacent to BixTe1-x. This symmetric trilayer structure yields a magnetization easy axis perpendicular to the film plane and possesses suitable out-of-plane coercivity to carry out the subsequent electrical measurements [18] [19] [20] . By performing harmonic voltage measurement [21] and hysteresis loop shift measurement [22] verified. The origin of the observed giant charge-to-spin conversion efficiency in these non-epitaxial chalcogenides is further tentatively attributed to the bulk spin-orbit interaction therein.
The BixTe1-x( Co targets, respectively. Note that for the post-annealing samples, the BixTe1-x layer is first deposited then annealed at 300 °C without breaking vacuum. The Pt/Co/Pt trilayers are then in-situ deposited onto the annealed BixTe1-x layers after cooling down to room temperature. The Pt/Co/Pt symmetric structure has a robust perpendicular magnetic anisotropy (PMA), which is necessary for both harmonic voltage measurement and hysteresis loop shift measurement. The chalcogenide layer thickness x 1-x Bi Te t ranges from nm to 2 nm, and the thickness is verified by atomic force microscopy (AFM). To confirm the composition of our sputtered BixTe1-x thin film, we use electron probe X-ray microanalyzer (EPMA) to confirm the atomic ratio between Bi and Te, which is close to 1:1 (See supplementary material S1). Therefore, in this work we use BixTe1-x to represent our sputterdeposited BixTe1-x film, where 0.5 x  . We then examine the structural properties of the sputtered BixTe1-x films by high-resolution transmission electron microscope (HR-TEM) as shown in Fig. 1a and 1b. From the cross-section TEM image of a 1 nm as-deposited and a 1 nm post-annealing BixTe1-x thin film, the as-deposited film is predominately amorphous and partially crystalline near the 4 substrate, while the post-annealing film shows poly-crystalline structure. Note that due to the overall non-epitaxial structure of our deposited films, there should be no topologically-protected surface states (TSS) in our BixTe1-x layer. Representative out-of-plane hysteresis loops obtained from an asdeposited and a post-annealing BixTe1-x(1 )/Pt(2)/Co(0. )/Pt(2) heterostructure are shown in Fig. 1c and 1d. The sharp hysteresis loops from both samples indicate that the easy axis of Co is indeed . The VSM result also suggests that there is no magnetic dead layer in the Pt/Co/Pt trilayer structure.
In order to characterize the SOT-induced effective fields acting upon the Co layer generated from
BixTe1-x, we first perform harmonic voltage measurements on micron-sized Hall-bar devices patterned from an as-deposited BixTe1-x(1 )/Pt(2)/Co(0. )/Pt(2) film. As illustrated in Fig. 2a [2 ] , which is characterized via a similar harmonic voltage approach. However, a recent study also points out that thermal contribution such as the ordinary Nernst effect can possibly lead to an overestimation of DL  if harmonic measurement is employed to characterize SOTs from chalcogenide systems [26] . Therefore, in order to characterize DL-SOT more directly, we further perform hysteresis loop shift and current-induced switching measurements. 6 We first verify the large DL-SOT efficiencies from both as-deposited and post-annealing BixTe1-
x-based Hall-bar devices through hysteresis loop shift measurement. This DL-SOT characterization approach allows for a more direct probing of the SOT-caused current-induced effective fields without further interpretation on the detected electrical signals [11] . As shown in Fig. 3a , a dc current dc I is injected into the above-mentioned micron-sized Hall-bar device with the application of an external in-plane bias field 1 ) is produced when dc I is applied, which further causes a shift in the out-of-plane hysteresis loop.
According to the slope of eff 
In addition, we prepare control samples and confirm that the symmetric Pt(2)/Co(0. )/Pt(2) trilayer has little SOT contribution on the whole heterostructure. In Fig. 3c , the current-induced effective fields per current conversion efficiencies originated from the bulk spin-orbit interaction of BixTe1-x, which is tentatively attributed to the SHE therein. This further indicates that the mechanism of spin generation in nonepitaxial chalcogenides can be drastically different from those observed in epitaxial TIs with TSS.
From above measurements, we verify that the non-epitaxial BixTe1-x layers indeed has large DL-SOT efficiencies. To further demonstrate its efficacy, we perform current-induced switching measurements on as-deposited and post-annealing BixTe1-x(1 )/Pt(2)/Co(0. )/Pt(2) Hall-bar devices.
Pulsed currents are injected into current channel of the Hall-bar devices and magnetization switching can be monitored by the change of anomalous Hall voltage. Again, a small in-plane field x H is required to overcome the DMI effective field and to achieve deterministic SOT switching through 8 chiral domain wall motion [28, 32] . Representative switching results are shown in Fig. 4a and 4b . We further summarize the critical switching currents vs. current pulse widths for both as-deposited and annealed samples in Fig. 4c and 4d . For a spin-torque-driven magnetization switching scenario, the critical switching current c I is related to the applied current pulse width pulse t through [33] pulse 0 0
where 0 c I is the zero-thermal critical switching current,
is the thermal stability factor (U is the energy barrier between the magnetization-up and magnetization-down states), and
is the attempt rate for thermally-activated switching [34] . Based on the switching data shown in Fig. 4c and 4d Several remarks can be made based on our observations. First, the DL-SOT stemming from the non-epitaxial BixTe1-x is comparable to those from epitaxially-grown TIs. This indicates that one does not need to struggle with preserving the TSS to achieve efficient SOT switching. It is very likely that using resistive materials such as amorphous and poly-crystalline Bi-based chalcogenides can already gain high SOT efficiencies through their bulk spin-orbit interactions, such as the SHE. Second, from both loop shift measurement and current-induced switching measurement, we verify that the DL-SOT from the SHE of BixTe1-x can indeed control the magnetization of the Co layer. By annealing the BixTe1-x layer, DL-SOT efficiency can also be improved. Third, the sign of the SHE-induced SOT acting on the Co layer is opposite to those reported for Bi-based TIs. This is perhaps due to (1) the difference in Bi concentration (which will affect the charge carrier type) while compared to other studies using epitaxial chalcogenides [3 ,36] or (2) the difference in terms of spin generation mechanism (bulk vs. TSS).
In summary, we systematically analyze the SOTs from the BixTe1-x-based magnetic heterostructures. Through harmonic voltage measurements and hysteresis loop shift measurements, we conclude that non-epitaxial BixTe1-x has a large DL-SOT efficiency at room temperature, 1
which is much greater than those from HM-based heterostructures and comparable to those from other TI-family crystalline materials such as BixSe1-x, BixSb1-x, and (BiSb)2Te3. We further demonstrate current-induced switching in these BixTe1-x-based devices. We prove that a thermallystable perpendicular magnetization (Co in Pt/Co/Pt) can be efficiently switched by means of the spin current generated from non-epitaxial BixTe1-x. Although the BixTe1-x we prepared is not single-crystalline and therefore should not preserve TSS, it can still achieve high level DL-SOT efficiency, which is presumably originated from a bulk spin-orbit interaction contribution. Our work therefore paves the way of potential future research on non-epitaxial chalcogenide spintronic devices. 
MATERIALS AND METHODS

Material Growth
S1. EPMA analysis of the sputtered BixTe 1-x thin film
In order to verify the composition of the sputtered-BixTe1-x thin films, we perform composition analysis with electron probe microanalyzer (EPMA). We prepare two series of BixTe1-x thin films, one being as-deposited and the other is annealed at 300℃ for 1 hr in high vacuum (~ 10 -8 Torr). We deposit BixTe1-x thickness ranges from 10 nm to 2 nm without capping layer. EPMA analysis shows the atomic ratio of Bi and Te in both series of samples is around 0. (Table S1 ). Therefore, we confirm that the composition of our sputtered-BixTe1-x thin film is close to 1:1 rather than 2:3. Table S1 . The EPMA analysis result of the as-deposited and post-annealing BixTe1-x thin films.
S2. Resistivity measurement
We use four-point probe measurement to estimate the resistivity of BixTe1-x, Pt, and Co layers. μΩ-cm , 18. μΩ-cm , and 26.6 μΩ-cm , respectively.
S3. Spin diffusion length of Pt spacer layer
To extract the actual DL-SOT efficiency of BixTe1-x from the BixTe1-x/Pt/Co/Pt heterostructures, we have to consider the transmission of spin current from BixTe1-x across the 2 nm-thick Pt spacer layer. To characterize this spin transmission, we prepare Pt(tPt)/Co(0. )/Pt (2) (1) 
